ABSTRACT-On-line full body imitation with a humanoid robot standing on 4 its own two feet requires simultaneously maintaining the balance and imitating 5 the motion of the demonstrator. In this paper we present a method that allows 6 real-time motion imitation while maintaining stability, based on prioritized 7 task control. We also describe a method of modified prioritized kinematic 8 control that constrains the imitated motion to preserve stability only when 9 the robot would tip over, but does not alter the motions otherwise. To cope 10 with the passive compliance of the robot, we show how to model the estimation 11 of the center-of-mass of the robot using support vector machines. In the paper 12 we give detailed description of all steps of the algorithm, essentially providing 
when applied to stability control, allows arbitrary movement of the robot while it is in a stable configuration. Furthermore, it does not interfere with the 
78
To demonstrate the applicability of the algorithm we show how it can be ap-79 plied to real-time motion imitation of a humanoid robot, which at the same to external impacts. A model free approach, completely excluding the kine-to a dynamic simulation was proposed by. 20 Real-time motion transfer using precise motion capture on a Nao robot was described by. 21 Dynamic motion 102 capture and imitation using motion capture was described by Ramos et al.
22
103
The paper describes of-line optimizations of motion and uses precise motion 104 capture, while we describe real-time on-line motion imitation, where the pos-105 sibility of optimizing motions is limited by the time-step of the control loop.
106
Even so, we achieve reactive and stable motion imitation, which we demon- control-loop step. They demonstrated the results in a dynamics simulator.
111
In order to apply the prioritized task control on the robot one needs the com- 
Center of Mass Jacobian

152
The center-of-mass Jacobian in base coordinates b J CoM is obtained from
from the relation 
Basically, to calculate the center-of-mass Jacobian, one calculates how much a 158 differential motion of a separate joint differentially displaces the center of mass.
159
The pseudocode provided in algorithm 1 starts at the end of a kinematic chain 160 and calculates the effect of moving the last joint, all the way to the first joint 161 in the chain, which moves the mass of the complete chain. In this pseudocode,
162
the variable p CoM j is an auxiliary variable, O j refers to the origin of frame j, 163 r j is the j−th joint axis direction in the base frame, and m λ is the recursively 164 calculated mass from the current frame to the end of the kinematic chain.
165
The complete J CoM is calculated by combining the J CoM,j columns of all the kinematic chains. can be transformed to assume the main support foot
F being either L or R (i.e. left or right foot). Here Ω(v) is defined as
and R is the orientation of the base of the robot in world coordinates. can be derived from
and deriving separately for the position and the orientation parts. By replacing
193
x with Jq and expressing separately for the joints of the left and right foot,
194
we get
Considering the constraints of the support feet, the velocity of the center of 197 mass and the kinematic constraints with respect to the joint motion, can now 198 be expressed as
where index e stands for augmented. The augmented Jacobian accounts for 200 both the stability task and the kinematic constraint with 
Here g is the gravitation constant. withq KIN = k p (q actual − q KIN ) and k p a positive gain.
237
When controlling the non-supporting leg of the robot in the single stance phase,
238
one should exclude some of the degrees of freedom from the above matrices.
239
The other degrees of freedom should preserve the stability. propose using a modified task control for the arms and the body of the robot.
249
The control method is based on the reflexive stability control framework for 250 humanoid robots, 3 which allows unconstrained motion while the ZMP is well 251 within the stability polygon. In this paper we evaluate for the first time the 252 approach on a real robot in 3 dimensions. The modified prioritized control 253 policy suggests
and N = (I−J 
with x p defining the center of the support polygon and d min being the minimal 260 allowed distance to the edge of the support polygon.
261
Alternatively to eq.(17), one can also use
For the details on such use see Petrič et al.
Experimental Evaluation
264
In this section we present both simulation and real-world application of the 265 proposed modified task priority algorithm for stability control. abduction/adduction. The robot is presented in Fig. 1 .
279
In the motion imitation algorithm we used the Kinect sensor to track and 
Experimental results
285
The difference when using modified prioritized task control compared to using 286 standard prioritized task space control is that the task with the higher priority 287 is only observed when necessary, so stability is only controlled when neces- hand, when using the modified task space approach, the CoM moves because,
296
as defined in (16), the primary task is pre-multiplied with η(x ZM P ) n , which is 297 virtually zero when close to the center of the support polygon.
298
The stability control was set to fully take over 6 cm from the edge of the 299 stability polygon. arms, the body and with the legs when performing a squat and bending over.
316
The robot safely and reliably maintained the stability with very little delay, using the LIBSVM 15 library in Matlab. After training we can estimate the discrepancy as follows knee joints in addition to the center of mass coordinates as input.
Discussion and Conclusion
366
We have shown that we can effectively apply the modified prioritized task 367 control for simultaneous stability control and motion imitation in real-time.
368
In this aspect, we have shown how to apply the described algorithm for both that the secondary task the imitation is observed.
379
The presented approaches are effective in controlling the stability, yet several 
394
The modified stability approach has allowed us to transfer the motion of the 395 demonstrator to the robot in real time, including the lifting of separate legs.
396
This proves that the proposed method enables the transfer of human motion 397 to the robot without the explicit need for the demonstrator to take into con- 
